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ABSTRACT: We study the angle-resolved spontaneous emission of near-infrared light
sources in three-dimensional photonic crystals over a wavelength range 1200—1550 nm. To
this end, PbSe quantum dots are used as light sources inside titania inverse opal photonic
crystals. Strong deviations from the Lambertian emission profile are observed. An attenuation
of 60% is observed in the angle-dependent radiant flux emitted due to photonic stop bands.
At angles that correspond to the edges of the stop band, the emitted flux is increased by up to
34%. This increase is explained by the redistribution of Bragg-diffracted light over the
available escape angles. The results are quantitatively explained by an expanded escape-
function model. This model is based on diftusion theory and adapted to photonic crystals

using band structure calculations. We identify the need to separately consider the transport
mean free path of both the emitted light and the light used for excitation. Here, the model is applied to describe emission in the
regime where samples are optically thick for the excitation light, yet relatively thin for the photoluminesence light.

B INTRODUCTION

There is much interest in nanophotonic control over the
spontaneous emission of light.' > Therefore, emission proper-
ties of light sources such as atoms, molecules, and quantum
dots embedded in a myriad of nanostructures are studied
intensively. The spontaneous emission rate of these light
sources is described by Fermi’s golden rule. The golden rule
shows that the spontaneous emission rate is proportional to a
local property called the local density of optical states
(LDOS).* Indeed, recent experiments have demonstrated that
it is possible to control the LDOS and thereby the spontaneous
emission rate, for example, using photonic crystals.s_13

A second important aspect of photonic crystals is their ability
to strongly influence the directional emission spectrum from
embedded light sources, such that the emission deviates
strongly from Lambertian emitters. These spectral changes
are stop bands caused by stop gaps in the photonic
bandstructures as a result of optical Bragg diffraction."*** In
addition to gap formation, ubiquitous deviations from the
perfect crystal give rise to multiple scattering and diffusion of
light.**>* Although there are many qualitative studies on light
transport in photonic crystals, there exist only a few quantitative
papers. One of the central concerns regarding light emission
from photonic crystals is the angular distribution, or escape
function, of the emitted light over exit angles. Fundamental
insight in this escape probability distribution is needed to
explain the photonic crystal properties and the crystals’
influence on the radiative emission of the light source.
Surprisingly, the escape function is often disregarded, which
may easily lead to misinterpretations of experimental results.
Hence, detailed knowledge about the escape function and a
comparison to the emission spectra from nonphotonic
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reference crystals are essential to find the cause of changes in
the measured emission spectrum.

Most experimental work on light emission in photonic
crystals and the corresponding escape function is limited to the
visible range. For experiments on very strongly interactin
photonic crystals made of semiconductors such as silicon,**™>
near-infrared emitting light sources are important, in particular
versatile quantum dots such as PbSe and PbS (4 > 1100
nm).**~* The ability to control spontaneous emission and
light propagation at these frequencies is of keen interest for
applications, as spontaneous emission is a limiting factor in
numerous devices."*** Emission control therefore implies a
substantial increase in efficiency in applications such as light
beaming, reflector design, and light harvestingf‘s_47 Further-
more, guiding of light can be used to enhance the collection
efficiency in single photon on demand applications. In this
paper, emitted light escaping from three-dimensional (3D)
photonic crystals is studied at near-infrared wavelengths in the
range 1200—1550 nm. To this end, colloidal PbSe quantum
dots are used as light sources inside strongly photonic titania
inverse opal photonic crystals with a range of lattice parameters.

B EXPERIMENTAL DETAILS

The samples consist of commercially available PbSe quantum
dots™ #4545 (Eyident Technologies) embedded inside
titania inverse opal photonic crystals. See refs 51 and 52 for a
detailed description of the fabrication and characterization of
these crystals that are made by template-assisted assembly. X-
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ray diffraction and scanning electron microscopy studies show
that the crystals have face centered cubic (fcc) crystal structure
and that the direction perpendicular to the samples’ surface
corresponds to the (111) direction.”” The small-angle X-ray
scattering experiments confirm an excellent long-range periodic
ordening of our crystals. The inverse opals were made from
opal templates with sphere radii » = 340—655 nm, in order to
yield low order stop bands (corresponding to the L-gap in
photonic band structures) in the emission spectrum of the
quantum dots. Additionally, r < 200 nm spheres are used for
reference measurements. For these radii, the lattice parameter a
is on purpose so small that photonic stop bands are blueshifted
relative to the quantum dot emission spectra. Therefore, these
reference crystals are in the long-wavelength limit and are
referred to as nonphotonic.>®

Not all fabricated structures are suited for the emission
experiments. Parts of the crystals were found to be covered with
bulk titania or the air—sphere ordering may be poor. Visually,
samples that show clear Bragg diffraction are selected for
further study. Subsequently, bright-field microscope images are
made to chart each sample, such that specific locations can be
retrieved in different experimental setups.”* Finally, reflectivity
measurements are used to reveal the areas with clear stop bands
that are suitable for subsequent emission experiments.

The useful samples are infiltrated with colloidal PbSe
quantum dots using methods similar to refs S, 7, 17, and 21.
Each sample is placed in a S mL glass vial. Next, S0 uL of 0.92
UM PbSe quantum dots in hexane suspension is added. After
one day, the suspension is removed, and the samples are rinsed
three times with hexane, each time for 20 s. Subsequently, the
sample is dried in a nitrogen-purged chamber for one day. The
infiltration leads to a random distribution of quantum dots on
the titania—air surfaces inside the inverse opals. From the
concentration of dots in the suspension and the volume of the
air spheres with typical radii of 385 nm, the distance between
adjacent quantum dots is estimated to be 120 nm. This is
sufficiently large to avoid reabsorption and energy-transfer
processes between the bulk of the dots.*® In the Results section
below, it is deduced that the quantum dots are truly inside the
photonic crystal.

To prevent photo-oxidation of the quantum dots, the sample
preparation and handling was carried out in a high-quality
nitrogen-purged glovebox (MBraun, LabStar). For optical
measurements, the samples were glued to the side of a needle
pin, mounted in a sealed chamber, and kept under a 1.6 bar
nitrogen atmosphere. Figure la shows the home-built chamber
that is mounted on a rotation stage via a threaded ring at the
bottom. Between this ring and the chamber, stages are visible
that are used to tilt and translate the chamber. Figure 1b shows
how a sample is glued to a needle pin. As only the thin side of
the crystal is in contact with the needle, both the frontside and
backside of the sample are accessible for the optical
experiments discussed below.

Figure 2 shows the basic concept of the experiment. The
sample is illuminated by a slightly focused laser beam of
wavelength 4 = 532 nm. The excitation spot radius is estimated
to be about 7 ym. Light emitted from the sample is collected by
a 0.05 NA objective and sent to a spectrometer (PI/Acton
sp2558 spetrograph with OMA-V 1024/LN diode array). An
850 nm long-pass filter blocks the laser light in the detection
path. The angle ©f is defined as the angle between the
direction normal to the sample surface and the direction
wherein the emission is collected. ®p refers to the angle
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Figure 1. (a) Photograph of the sealed chamber used in the optical
experiments. A transparent cylinder is sealed by two plates. The
bottom plate is mounted on four stages that are fixed to a rotation
stage. The top plate contains a valve to purge the chamber with
nitrogen. (b) Front-view, gray scale image of a titania inverse opal
photonic crystal glued to a needle pin (on the right). The white spot
on the sample is a A = 532 nm laser spot that is used to locally excite
PbSe quantum dots inside this structure. Due to a combination of
diffusion, scattering, and camera exposure time, the size of the laser
spot appears much larger than the size of the actual focus (radius ~ 7
pm).

<« [pumpTese]

spectrometer

Figure 2. Schematic representation of the experiment. Light from a 4
= 532 nm pump laser is coupled into a single mode fiber and used to
excite quantum dots in a sample through objective O1. Near-infrared
emission from the dots is collected with objective O2 and sent to a
spectrometer. A long-pass filter (F) blocks the laser light. An achromat
lens (L) focuses the collected light onto the entrance slit of the
spectrometer. A dichroic mirror (DM) is used to guide the visible light
to a camera for alignment purposes. The sample is rotated together
with the pump beam such that angle ©; is fixed and the emission
collection angle ®; changes. Consequently, the excitation conditions
are the same for every angle ®,. The white arrows indicate the
propagation direction of the light.

between the surface normal and the direction of the excitation
beam. The sample and excitation objective are rotated together,
such that ®, remains fixed while the collection angle O is
varied, as in ref 21. After changing this detection angle, a CCD
camera is used to roughly reposition the sample such that the
illuminated spot is in focus with the spectrometer. Subsequent
XYZ fine-tuning of the sample alignment was done by
optimization to the emission signal measured with the
spectrometer. The sample surface projected onto the entrance
slit of the spectrometer changes with ©g. The measured
intensities are corrected for this effect (in this paper we adopt
the commonly used term intensity for what is actually the
radiant flux), as discussed in ref 21. The current configuration

dx.doi.org/10.1021/jp308590g | J. Phys. Chem. C 2013, 117, 34313439



The Journal of Physical Chemistry C

allows the emission detection over an unrivalled range of both
positive and negative angles.

Emission from the titania backbone was experimentally
found to be negligible at the near-infrared emission wavelengths
of our quantum dots (1200—1500 nm), whereas backbone
emission was noticeable in earlier experiments in the visible
range.7 Reasonably, the titania emission is expected from defect
luminescence in the middle of the titania band gap, that is, in
the visible range, and in the near infrared.

To reduce systematic errors, the emission detection angle O
is varied in the following way. First, O is increased from 0° to
maximum positive angles in steps of 20°. Subsequently, the
angle is decreased in steps of 20° to maximum negative angles,
which results in a data set with steps A®; = 10°. For some
measurements, the procedure is repeated to obtain a data set
with steps A®g = 5°. The experiment ends where it started, at
O = 0°. At the start and at the end of the experiment, the
excitation laser is blocked after which the background signal is
determined. As a result, the reproducibility of the measurement
can be judged for all frequencies and in all experiments. For the
typical integration times of 30—100 s, error bars of 1% of the
measured number of counts per wavelength bin can be used to
estimate the uncertainty in the measurement. When the
emission spectrum of the dots changes with time, sawtoothlike
shapes appear in emission intensity versus ®y plots. Therefore,
our measurement sequence allows the time-varying effects in
the results to be evaluated after a measurement.

B RESULTS

Angle-Resolved Emission. Reflectivity measurements on
four samples with different lattice parameters are shown in
Figure 3 (reflectivity was measured with a separate setup as
described in refs 31 and 56). Only measurements that show
clear Bragg diffraction peaks are shown. The reflectivity is
limited due to unavoidable structural disorder,*® notably mosaic
spread.’” The emission spectrum of PbSe quantum dots is
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Figure 3. Normal-incidence reflectivity spectra measured from four
titania inverse opals. These samples were grown from templates with
different sphere radii 7,y Namely, (a) 655 nm, (b) 515 nm, (c) 403
nm, and (d) 180 nm (left ordinate). Stop bands due to the L-gap
appear as peaks in the reflectivity spectrum. (e) Shows the emission
spectrum of PbSe quantum dots in a hexane suspension (right
ordinate). The reflectivity is not defined in a narrow band around 15
800 cm™" because of interference by a reference laser beam inside the
spectrometer.
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included in the same graph. The stop bands are overlapping or
to the red of the quantum dot emission spectrum and far to the
blue of the emission spectrum for reference measurements.
Therefore, the fabricated samples cover the desired frequency
(wavenumber w) range from below to above the L-gap that is
centered at frequency @,;;. The quality of the selected samples
is comparable to samples used in earlier experiments in the
visible range.””*! The areas that show the most powerful Bragg
diffraction are used in subsequent emission experiments.

To verify that the quantum dots are truly inside the photonic
crystal, a reference crystal was tested. Figure 4a shows the result

8 T — 7T X ' T r v T ' 7
— "0 % (a)
(Iz O O i)
e 6+ o O -
= a4} s -
(0]
©) °
=3 o
> 2F o -
@ o raw intensities O
- e corrected intensities ..
0 " " 1 " 2 L " " 1 " " 1 "
-60 -30 0 30 60 90
O, [degrees]
ol - (b) |
~ [ Te,
o ~Q
1 ~
() N
@ e,
= o05} . .
\
® e
= e corrected intensities S
- = = diffuse volume emitter (N
isotropic surface emitter ‘e
9
00 1 1 L 1 " 1 -
0 20 40 60 80

O, [degrees]

Figure 4. Angle-resolved emission intensity of PbSe quantum dots in a
nonphotonic titania inverse opal. The sample’s measured stop band is
centered around @;;; = 11730 cm™, and the measurement is done at
frequency @ = 7143 cm™ (1400 nm). (a) Open squares are the
measured, background subtracted, intensities. Filled dots show the
measured data corrected for the detected area. The intensity tends to
zero as the angle approaches ®, = 90°. (b) Normalized emission
intensity versus detection angle. Filled dots are the same as in (a). The
dashed line is the model for a diffuse volume (i.e, Lambertian)
emitter. Solid line shows the expected behavior for an isotropic surface
emitter. Clearly, our measurements agree with the diffusion model.

of the angle-resolved emission experiment. The background
subtracted data are shown as open squares. The intensity profile
is the same for positive and negative angles, which confirms that
we are mostly sampling reciprocal space in the directions of the
L high-symmetry point (at 0°) to the U- or K-points at positive
or negative angles. The symmetry furthermore indicates that
the orientation dependence of the emission is completely
decoupled from the geometry of the excitation beam. The black
dots are the intensities corrected for the angle-dependent
collection efliciency. The corrected data decrease with angle
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Figure S. Measured PbSe quantum dot emission spectra from a photonic titania inverse opal with a measured stop band near wavenumber w,;, =
7000 cm™’, background subtracted and detector surface area corrected. (a) Emission intensity as a function of wavelength and measured angle Og. A
clear suppression of emission intensity is observed in agreement with the Bragg condition (black curve). The white areas at wavelengths A = 1200
and 1550 nm mark the boundaries of the quantum dot emission spectrum. (b) Cross sections of (a) at specific wavelengths show clear angular-
dependent stop bands. (c) Cross sections of (a) at specific angles. The measured emission spectra are frequency dependent due to Bragg attenuation
of the light in the stop band of the crystal and diffuse scattering. In (b,c) stop bands are indicated by the horizontal lines below the curves.

and tend to zero at 90° in agreement with Lambertian behavior,
as expected for emitted light that is diffused in the bulk of a
sample.

In Figure 4b, the corrected data from Figure 4a are
normalized to their maximum at 0°. We compare the intensities
to two models: (1) a model for emitters whose light has
become diffuse in a bulk sample volume (discussed in detail in
the Escape-Function Model section); and (2) a model where
emitters are assumed to be limited to the surface of a sample.
The latter model predicts a constant and angle-independent
radiant flux that clearly disagrees with our data; hence, we can
exclude that we probe only quantum dots on the surface of the
sample. On the other hand, our data agree very well with the
model for emitted light diffusing in a bulk volume. From this
excellent correspondence, we conclude that we are indeed
probing the emission of quantum dots that are located in the
bulk of our samples.

Naively, one may conclude from the agreement between our
measurements and the diffuse volume emitter model that the
emitted light is diffuse, that is, multiply scattered in the bulk of
the sample. From previous experiments on similar photonic
crystals, 031 however, it is inferred that, at the long infrared
wavelengths where our quantum dots emit (4 ~ 1300 nm), the
ratio of sample thickness L to transport mean free path / of the
light is as small as L// = 3.1-9.5. (Our photonic crystals have
lattice parameters a in the range 680—1310 nm, based on an
assumed shrinkage of 30% between the template opal and final
titania inverse opal.”> The measured emission wavelength is in
the range 1200—1550 nm. Hence, a// ranges 0.44—1.1, which
corresponds to a //a range from 100 (a = 680 nm) to 17 (a =
1310 nm).*° Therefore, / & 68 pm and / ~ 22 pm for a = 680
nm and a = 1310 nm, respectively. With a sample thickness L =
210 um,>* L/I ranges from 3.1 to 9.5. Similarly, L/! > S1 for
the excitation light at 532 nm.) References 30 and 31 studied
light that is transmitted through the complete sample. In
contrast, here, we study emission from light sources that are
preferentially excited near the surface of incidence. Hence, the
emitted light need not probe the complete sample thickness,
and correspondingly, the calculated L/ values are even smaller
in practice. Thus, the sample thickness is not much greater than
the mean free path, and the emitted light is not very deeply in
the diffusive regime. For these optical thicknesses, strong
deviations from diffusion theory and radiative transport theory
were reported.”® This should be contrasted to the strongly
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diftusive regime L// > 10 studied with emitters at shorter
wavelengths in the visible range.'””! We surmise that the
emission nonetheless appears diffuse for two additional reasons:
the excitation light has such a short wavelength that the
excitation is clearly in the diffuse regime. Moreover, the
quantum dots inside the crystals have no preferred orientation
of their transition dipole moments relative to the photonic
crystal axes or the air—semiconductor interfaces inside the
crystals. Therefore, the diffusion equation describes the spatial
distribution of emission events in the bulk of the crystal well,
and the emission has no preferred wave vector, in accordance
with the wave vector content of multiply scattered light. As a
consequence, it is reasonable that the angle-dependent
intensities agree with a model for diffusion of emitted light in
the bulk of the crystal.

Figure Sa shows extensive angle- and wavelength-dependent
emission data measured on a photonic crystal in the range of
the stop gaps. The emitted power is reduced in broad angular
ranges, for example, between —20° and +20° at a wavelength of
1400 nm. Increase of the detection angle O results in a shift of
the stop band toward shorter wavelengths. To a first
approximation, this behavior can be explained by Braggs’ law
(black line). In Figure Sb,c, cross sections of (a) measured at
constant wavelength or angle show the angular and wavelength
dependence of the emitted power. The photonic crystal
behaves very distinctly from a Lambertian emitter. The stop
band causes a decrease of the measured emission intensity over
an angular range of approximately 40°. In (c), the frequency of
the emission intensity peak changes with angle. The peak is
shifted to the blue if the stop band overlaps the red side of the
spectrum, that is, at small angles. At larger angles, the stop band
has moved to the blue part of the spectrum, and the emission
peak is shifted somewhat to the red (not shown). At the largest
angle, the peak shifts back to the frequency of the dots’ actual
emission maximum. This experiment demonstrates the
influence of the photonic crystals’ stop bands on the emission
spectrum of the quantum dots: both attenuation and
enhancements. The attenuation of a part of the emission
spectrum resembles experimental observations using dye
molecules®'*~'#297222* byt was not previously observed with
quantum dots.”" An expanded escape-function model is used to
quantitatively interpret the measurement. This is the topic of
the next section.
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Escape-Function Model. The model used to interpret the
measured emission intensities is based on diffuse light
transmission through multiple scattering, opaque media.**~%*
The model is expanded to photonic crystals following refs 21,
31, and 65. The approach consists of taking Bragg diffraction
into account through the boundary conditions. Here, the most
important relations are summarized to explain the essence of
this model. Consider light emission in a sample. The emitted
intensity I(w; p.) that escapes the sample at external angles
between O = cos™'(i,) and cos™'(u, + du,) with respect to
the surface normal of the sample is written as

(w; p)dp = Ly (@)P(w; 1)dp (1)

Here, I,(w) is the total spontaneously emitted intensity at
frequency w that exits the sample through the detection face.
For sources with a low quantum efficiency or with
1nhomogeneously broadened spectra, I, (w) is proportional
to the LDOS.® P(w; y,) is a normalized probability distribution
function that describes the distribution of photons over the
available escape angles. We call P(w; y.) the escape function and
use it to compare the model to experimental data. To
determine P(w; pi.) experimentally, eq 1 is rewritten such that

I(w; p)
L) )

The numerator is given by the measured intensity, and the
denominator I, () is determined by summing the measured
I(w; p.) weighted by 27 sin(@g)dOg to approximate the
integration over 27 solid angle. For diffuse wave transmission
through random media, the escape function is analytically
derived, and given by®>%°

P(w; u) =

P 1) = Sule(@) + u]-[1 = Rofw; )]

©)
Here, cos™'(y;) is the angle inside the sample, which will be
related to cos™'(u,) using Snell’s law.”” Rp(w; ;) is the angle-
and frequency-dependent internal-reflection coefficient. Finally,
7(w) = z,(w)/I(w) is the extrapolation length ratio, defined
by the extrapolation length z.(®) and the transport mean free
path /(w) of the sample, where z,(w) is the distance from the
samples’ surface at which the diffuse intensity extrapolates to 0.
7.(w) can be expressed as a function of the angle-averaged
reflectivity of the sample boundaries Rp(@),*>”%*

_2 1 + Rp(w)
)= 3[ ] )

1 — Rp(w)
The average reflectivity Rp(w) depends on the angle- and

frecsluency—dependent internal reflection coefficient Rp(w; ;)
64,66

3C, (@) + 2C(w)

, with
3C,(w) — 2C(@) + 2

Rp(w) =

©)

1
C@) = [ Rofws wuldn,

0 (6)
Hence, the escape function from eq 3 can be evaluated if Rp(w;
;) is known. So far, the derivation of the model was general
and derived for random photonic media in which light
transport is diffuse due to multiple scattering. This isotropic
model for P(w; p,) successfully described experimental results
on random media when Rp(®; ;) was modeled using Fresnel’s
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law in combination with an effective refractive index.®®
However, this neglects the stop bands typical of photonic
crystals. Hence, a different approach is needed to find an
expression for Ry (@; p;) and expand the escape-function model
to describe photonic crystals as pioneered by our group

The reflectivity from titania inverse opals is mainly
determined by s1mu1taneous coupled Bragg diffraction from
(111) and (200) planes.*® The internal reflection coefficient is
therefore modeled as the sum of two Gaussian reflection
peaks,21 that is,

ng;m>=Rxmkq{—E%§f%%§L}
[0 = 0,
+Rz(ﬂi)eXP{— 28wy (i) } o)

with angle-dependent peak reflectivities R,,(y;), widths
Aw, ,(i;), and center frequencies @, ,(4;). (For these measure-
ments, the parameters used at g4; = 1 are as follows: R;(1) = 0.7;
Ry(1) = 0.3; @,(1) = 0.797; wy(1) = 1.33; Awy(1) = 0.064;
Aw,(1) 0.071.) These center frequencies cannot be
described by simple Bragg diffraction by 111 and 200 planes,
since the two dlffractlon conditions interact and show a large
avoided crossmg Therefore, band structure calculations are
used to calculate a)lz(ﬂ) For Ry, (y;) and Aw, ,(;), normal
incidence reﬂecthlty data are used, and it is reasonably assumed
that these four parameters are smooth functions of ;. This
expanded escape-function model can now be directly compared
with the results we measured on photonic crystals by evaluating
the model as a function of both incidence angle and normalized
frequency ®/w;;,, where normalization is relative to the
calculated normal-incidence stop gap center frequency ;.

Comparison of Experiment with Escape-Function
Model. Figure 6 shows the escape function P(w; @) over
large frequency and angular ranges as derived from experiments
and theory. Figure 6a is derived from three experiments on
samples with different stop band frequencies @;,;. The results
from the different experiments are separated by the horizontal,
gray lines. At low frequencies (@/w;;; < 0.92), the crystal is in
the long-wavelength limit; hence, there is no stop band, and the
emission escape probability decreases monotonously with Og.
The central part (0.92 < w/w;;; < 1.2) shows a strong stop
band in the escape probability due to the L-gap. As expected,
the frequency of the stop band increases with the external
angle. An enhanced escape probability is observed at w/w,,, =
1.0S for the external angle ®; ~ 50°. The enhancement of the
escape probability stems from a redistribution of the light that
is Bragg diffracted inside the photonic crystal, as discussed
below. At high frequencies (w/w;;; > 1.15), a region is
observed with enhanced escape probability at small ®@g. The
escape probability rapidly decreases at larger angles. Dark areas
at the largest frequencies point out the presence of inhibited
escape probabilities caused by Bragg wave coupling from the
(200) lattice planes.*® For applications, we propose that this
map (Figure 6) can be used to find the stop-band frequency
@y, that yields the desired angular-dependent escape
probability at the frequency @ of choice.

Figure 6b shows the calculation from the expanded escape-
function model. The calculated escape probability shows the
same characteristics as the experimental results. There is a clear
inhibition of escape probability starting at @/w,;, = 1.0, for O
= 0°. The central frequency of this inhibition shows the same
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Figure 6. Escape probability P(w; ©;). (a) Experimental results from
three data sets with different stop-band frequencies @}, separated by
horizontal lines: @;;; = 5628 cm™ (top); @1, = 6945 cm™" (middle);
and @;;; = 9029 cm™ (bottom) as determined from reflectivity
measurements. The low-frequency region shows the expected
Lambertian-like behavior. The central-frequency region shows clear
inhibition of the escape probability due to the L-stop band. Regions of
enhanced escape probability appear near @/w;;; = 1.05 and 1.15 for
O ~ 50° and 0°, respectively. (b) Result from the expanded escape-
function model. The model is in very good agreement with the
experimental results. The stop band caused by Bragg diffraction from
(111) lattice planes is observed, together with the regions of enhanced
escape probability. The higher order multiple Bragg wave diffraction is
recognized by the inhibited escape-probability region that starts at @/
@, = 1.7 for @ = 0° and continues to lower frequencies at larger
angles. White curves show the lowest six bands along the LU direction,
using parallel momentum (k) conservation at the surface to transform
internal propagation angles into external propagation angles.*® The
horizontal arrows indicate the frequencies of the cross sections used in
Figure 7. The common gray scale range is limited for clarity.

dependence on O as the experimental results. Another line of
inhibited escape probability runs from w/w;,; = 1.7 at O = 0°
toward @w/w;;; = 1.2 at O = 50°. Multiple Bragg wave coupling
causes the escape probability to be inhibited for angles larger
than 40° and frequencies 1.10 < @w/w;;; < 1.35. This result
agrees well with our experimental results. The regions with the
measured, enhanced escape probability are also predicted by
the model. Clearly, the expanded escape function very well
describes the experimental data measured from these strongly
photonic crystals. The white curves show the lowest 6 LU
bands from a band structure calculation used to describe
experiments in the visible regime.65

To compare the results from the model and the experiments
in more detail, cross sections through the two-dimensional
plots were made at the frequencies indicated by the arrows in
Figure 6b. In contrast to Figure 6, the escape function is now
plotted versus y, = cos ©g. In this representation, the escape
function for isotropic emitters tends toward a line, simplifying
comparison with experimental results. Figure 7a shows the
escape function versus external angle at three different reduced
frequencies in the photonic regime (w/w;;; € {0.98, 1.10,
1.27}). The dash-dotted line shows the regular escape-function
model for isotropic (Lambertian) emitters. The stop band is
clearly visible as the region where the escape probability is
reduced with respect to the isotropic probability distribution.
Outside the stop band, the escape probability is higher than the
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Figure 7. Cross sections of escape function at different reduced
frequencies w/w,;;. Symbols denote the measurements. (a) Results in
the photonic range. Solid curves are results from the expanded escape-
function model. Escape function versus cos ®; shows inhibition and
enhancement of the escape probability with respect to the Lambertian
distribution (dash-dotted line). Inside (outside) the stop bands the
escape probability is inhibited (enhanced) up to 60% (34%) with
respect to the Lambertian distribution. The frequency of the stop band
is marked by the horizontal bars below the curves. The stop band
moves to higher frequencies at larger angles. For the w/w;;, = 1.27
case, the upward and downward pointing arrows, respectively, indicate
the enhanced and inhibited escape probabilities with respect to the
isotropic model. (b) Results in nonphotonic regime. Circles and
squares are measured on the same sample with a stop band near @, =
33600 cm™". The diamonds are data collected from a sample with @,
= 9029 cm™\. Only for /w,;; = 0.22, the experimental data deviate
from the model (open squares), as a result of an emission intensity
increase with time, during the experiment.

isotropic model such that the escape probability integrated over
all angles is conserved. This probability enhancement is caused
by a redistribution of the light inside the photonic crystal: for a
certain angular range, the light Bragg diffracts back into the
sample, where it becomes diffuse and escapes the sample at
angles away from the Bragg condition. The enhancement is
most profound close to the stop band. Further away from the
stop band, the data converge to the isotropic case. The
expanded escape-function model agrees very well with the
experimental data. The experimental data appear even more
explicit than the model predicts. Compared to Lambertian
emission, inhibition of the emitted power as high as 60% is
observed in the photonic crystal. Furthermore, the photonic
crystal gives rise to emission power enhancements as high as
34%. For @w/w;;; = 098 and 1.10, the inhibition and

dx.doi.org/10.1021/jp308590g | J. Phys. Chem. C 2013, 117, 34313439



The Journal of Physical Chemistry C

enhancement are observed over a cone with a top angle of 20
= 60°, which corresponds to a large solid angle of 2z(1 — cos
®;) = 0.84 sr. The pronounced inhibition at @/w,;; = 1.10,
between cos O = 0.97 and 0.71, corresponds also to a large
solid angle of 1.6 sr.

Figure 7b shows the escape function P(w; ©Og) cross sections
measured from two nonphotonic samples. Symbols denote
measured data, and the line is calculated from the regular,
isotropic model. There is no stop band. The data at ®/w,;, =
0.19 and 0.22 are measured from the same sample. The @/, ;
= 0.22 data deviate from the model and show the sawtooth
effect described in the Experimental Details section, which is
caused by inhomogeneous spectral broadening at the blue side
of the emission spectrum of the quantum dot ensemble. On the
red side of the spectrum (w/w,;, = 0.19), the data are in good
agreement with the model. Clearly, the regular escape-function
model fits the escape-function data from nonphotonic titania
inverse opals very well over a very large range of reduced
frequencies. Hence, we are able to model the escape function
both from photonic and nonphotonic crystals, using our
expression for the internal-reflection coefficient Ry(w; ;) (eq
7).

B DISCUSSION

Photonic crystals have to date been divided into (1) optically
thick samples where the thickness L is much larger than the
transport mean free path / (//L < 1) and (2) optically thin
samples where the thickness is about the mean free path of
light, or less (//L > 1).*' Inside optically thick samples, light
that is Bragg diffracted back into the sample scatters off defects
and becomes diftuse. Subsequently, this light can exit the
structure at angles completely uncorrelated with the original
emission wave vector. This results in the redistribution of the
emission intensity over escape angles. In emission measure-
ments, this redistribution causes an emission intensity increase
at the edges of the stop band that is clearly not related to eftects
in the LDOS; see also refs 65 and 69. In optically thin samples,
most emitted light escapes the sample ballistically. There is only
little scattering in these structures. However, Bragg diffraction
may still decrease the emission intensity considerably in specific
directions.'**

The samples used in this study have L// & 3 — 9, which
means that, for the quantum dot emission, the sample is in the
intermediate regime between optically thick (/ << L) and
optically thin (/ 2 L). As a consequence, a significant part of
the light emitted by the dots is not very diffuse before escaping
the photonic crystal. Still, our model that is based on diftusion
theory describes the experiments very well. Although the
validity of the diffuse transport equation of the emitted light
may be questioned, it is believed that the model’s requirement
for a distributed light source is fulfilled as (1) the excitation of
the quantum dots is diffuse because the sample is optically thick
for the 532 nm excitation light (L// > 51), (2) the absorption
length of the excitation light is about two orders larger than the
sample thickness, due to the low concentration of quantum
dots and hence the excitation light distribution is diffuse, and
(3) the, emission of the quantum dots randomizes the wave
vector k.

The good correspondence between the model and the
experimental results demonstrate the applicability of the
escape-function model to a new regime in photoluminesence
experiments. This regime is illustrated in Figure 8 and defined
by the ratio of the sample thickness L and the transport mean
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Figure 8. Schematic representation of different regimes in photo-
luminesence experiments. The regimes are defined by the transport
mean free path of the emitted light /. and the excitation light /,, ., with
respect to the sample thickness L. The optically thin regime has been
studied before in refs 16 and 25 whereas the optically thick regime was
studied in refs 20, 21, and 69. A new mixed regime is defined where the
excitation light is diffuse and the emitted light is on the edge of being
diffuse or ballistic. The escape-function model based on diffusion
theory is successfully applied in this new regime.

free paths of the emitted light (/,,,) and the excitation light
(I,.), respectively. The escape function has been used
successfully in the optically thick regime, with L > /

em’ “exc’

The model is not suited for the optically thin samples, where
L <1, I, In this paper, a new mixed regime is added with

em’ “exc’

L>1

e and L = /,.. As discussed above, the escape-funtion

model, based on diffusion theory and expanded to photonic
crystals, was successfully applied in this new regime.

Strong photoluminescence modifications may easily lead to
misinterpretation of experimental findings. There are various
examples where an attenuation in a small frequency range of
the photoluminescence emission spectrum are attributed to a
change in the widely pursued local density of states of the
emitter.'*'®7°"7% In contrast, the attenuation is caused by
Bragg diffraction that causes a nonisotropic escape probability.
This effect can be understood from eq 1: the emitters
properties and the LDOS are contained in I (@), whereas
the experimentalist measures I(w; p.). In photonic crystals,
these spectra cannot be linked without considering the escape
function P(w; u,). Without the escape function, it cannot be
recognized if light is redistributed over directions that do not
show Bragg diffraction.

B CONCLUSIONS

We have studied the angular distribution of near-infrared
spontaneous emission (1200—1550 nm) from PbSe quantum
dots inside 3D titania inverse opals. We have observed angular
redistribution of the light over the exit angle, caused by a
combination of light diffusion and Bragg diffraction in the
photonic crystals. The escape function was extracted from the
experimental data and explained with a diffusion model,
expanded to photonic crystals. We found a very good
agreement between the measurement and the model. This is
the first time for the model to be applied to the regime of
diffuse excitation in combination with optically rather thin
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samples for the emitted light. Furthermore, an interpretation of
emission enhancement at the sides of the stop bands is given in
terms of angular redistribution of emission intensities. In the
photonic crystal, an escape inhibition of 60% is observed as well
as an enhancement of 34%, both with respect to the escape
distribution from nonphotonic samples. Typically the emission
is enhanced or inhibited over solid angles larger than 0.84 sr.
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